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Abstract—Non-orthogonal multiple access (NOMA) in con-
junction with finite blocklength (short packet) communications
is regarded as an enabler for ultra-reliable and low-latency
communications (URLLC). In this paper, we investigate the link-
layer rate, i.e., the effective capacity, of a two-user NOMA in
finite blocklength regime. The delay performance of the NOMA
users is analyzed by taking into consideration the queueing delay
violation probability and the transmission error probability. We
further provide closed-form expressions for the individual effec-
tive capacity of the NOMA users in Rayleigh fading environment.
Through simulations, we investigate the impact of the transmit
signal-to-noise ratio and the delay exponent on the achievable
effective capacity and the queueing delay violation probability of
the NOMA weak and strong users. In particular, results show
that when using short packet communications, the queueing delay
violation probability cannot be improved below a threshold.
Index Terms—NOMA, effective capacity, finite blocklength,
low-latency communications.
I. INTRODUCTION
The ballooning growth of new applications, such as tac-
tile Internet, massive sensing, holographic teleportation, and
autonomous vehicles, poses serious challenges in terms of
provisioning the spectrum efficiency, higher reliability, and
lower latency [1]. The 5th generation (5G) and beyond
5G (B5G) promise seamless connectivity, enhanced capacity,
higher reliability, and low-latency, through its use-cases of
ultra-reliable and low-latency communications (URLLC), and
massive machine-type communications (mMTC). To meet the
target objectives, research on key enabling technologies has
proliferated, in particular on non-orthogonal multiple access
(NOMA) as a promising access technique for 5G and B5G.
Recently, using NOMA in conjunction with short packet
communications has been explored to achieve low latency and
high reliability [2].
Though the shortening of packets can be straightforwardly
convincing as a mean to achieve URLLC, it poses serious
challenges such as capacity penalty [3]. As known, traditional
wireless systems are designed based on the Shannon theory,
where long packets are considered in the communications.
The Shannon limit, however, is a loose upper bound for the
performance of systems with short packet communications [4].
Serval research efforts have been done to evaluate the perfor-
mance of communication systems with finite blocklength, and
advance the theory of short packet communications in general
[2], [3]. In particular, the pioneering work in [3] assessed the
service rate of short packet communications for additive white
Gaussian noise (AWGN) channels.1 The trade-off between
reliability, latency, and throughput of mission-critical MTC
subject to Rayleigh block-fading was investigated later in [5],
which derived the maximum achievable coding rate in a finite
blocklength regime.
Recently, the suitability of finite blocklength communica-
tions for low latency or URLLC received special attention
by researchers [6]. The latency performance of a point-to-
point communications system with finite blocklength was also
studied by using the effective capacity framework. Effective
capacity is the dual concept of effective bandwidth, and
defines the maximum arrival/source rate for a given service
rate while satisfying a certain delay quality-of-service (QoS)
exponent (see [7], [8] and references therein). The achievable
effective capacity of MTC in finite blocklength regime was
investigated in [9], which provided an upper bound on the
effective capacity, and an optimal power allocation policy that
provides the trade-off between the delay performance and
power consumption. A closed-form expression for the effective
capacity in finite blocklength regime was presented, and its
accuracy was confirmed using Monte-Carlo simulations. In
[10], using an effective capacity model in finite blocklength
regime, a trade-off between the coding rate, throughput, block-
length, and queuing constraint, was investigated. Therein, var-
ious transmission strategies, i.e., fixed-rate, variable rate, and
variable-power transmissions, were studied for short packet
communications using the effective capacity metric.
Considering a NOMA architecture, the authors in [11]
investigated the effective capacity of a two-user system in
conventional long-packet communications regime. The total
link-layer rate of a two-user NOMA was also estimated, and
compared with its OMA counterpart. This study revealed that
the effective capacity of NOMA outperforms the one for or-
thogonal multiple access (OMA) at high signal-to-noise ratios
(SNRs). Later, considering short-packet communications, the
effective-bandwidth of NOMA was investigated in [12], which
provided the required SNR for a given transmission error
probability and delay exponent. However, the detailed latency
performance of NOMA, i.e., the impact of delay exponent on
the queueing delay violation probability, and the closed-form
1The terms finite blocklength and short packet communications will be used
interchangeably throughout the paper.
expression of the achievable EC, are yet to be performed and
analyzed.
In this paper, we investigate the achievable link-layer rate of
a two-user NOMA with short-packet communications. Specif-
ically, we formulate the effective capacity of the strong and
weak users under heterogeneous delay QoS requirements. The
overall reliability, which is the combination of the transmission
error probability and the queueing delay violation probability,
is investigated. We also derive closed-form expressions for the
individual effective capacity of the two NOMA users. Through
simulations, we investigate the impact of transmit SNR and the
delay exponent on the achieved effective capacity and on the
queueing delay violation probability. In particular, we show
that when the delay exponent increases, the queueing delay
violation probability cannot be improved below a certain value
due to the dominance of the transmission error probability.
The remainder of the paper is organized as follows. Section
II describes the system model. Section III discusses the
effective capacity of the NOMA system in finite blocklength
regime. Numerical results are provided in Section IV, followed
by conclusions in Section V.
II. SYSTEM MODEL
We consider a downlink power-domain NOMA operation
with short-packet communications. The system consists of a
base station (BS) communicating and V single-antenna users,
and we consider block fading for any channel between the
BS and the individual user such that the channel power gain
remains constant during one fading block and changes from
one fading block to another. Without loss of generality, we
assume that the users’ channels are sorted such that |h1(τ)|2 ≤
|h2(τ)|2 ≤ ... ≤ |hV (τ)|2, where hj(τ) is the channel gain
between the BS and the jth user at time τ . We assume that
two users, out of the set of V users, and referred to by vi, i ∈
{t, u}, such that 1 ≤ t < u ≤ V , are scheduled for service in
the shared resource block. The two-user NOMA is considered
due to its importance as part of 3GPP-LTE Advance group
[13].
Figures 1 and 2 show the basic operation of the two-
user NOMA-based short-packet communication system, and
the corresponding queuing model with the effective capac-
ity concept. According to the NOMA principle, the BS
broadcasts a combined message of both users, according to∑
i∈{t,u}
√
αiPsi(τ), where si(τ) is the message of user vi
at time τ , αi is the power allocation coefficient of user vi
such that αt>αu, and P is the BS power. As mentioned, the
users are classified based on their channel conditions such that
|hu(τ)|2 ≥ |ht(τ)|2, where hu(τ) and ht(τ) are the channel
coefficients between the BS and users vu and vt at time τ ,
respectively.
Following the NOMA operation, the received signal at vi
is given by yi = hi
∑
i∈{t,u}
√
αiPsi + mi,
2 where mi is
the additive white Gaussian noise (AWGN). After receiving
2As the channel coefficients are assumed stationary and ergodic random
processes, the time index τ is omitted hereafter.
Fig. 1. Two-user NOMA basic architecture.
the signal from the BS, the weak user vt decodes st by
considering su as interference. Therefore, the resulting signal-
to-interference-plus-noise ratio (SINR) at vt is given by
γt =
αt |ht|2
αu |ht|2 + 1ρ
, (1)
where ρ is the transmit SNR, i.e., ρ = P
NoB
, with NoB
denoting the noise power. The strong user, however, performs
successive interference cancellation (SIC), and removes st
from its received message first. The received SNR at vu can
hence be found as
γu = αuρ |hu|2 . (2)
In this work, the channel gains are modeled as Rayleigh fading
with unit variance. Since in NOMA the users are sorted based
on the ordered channel gains, the statistics of the ordered
channel power gains follows the order statistics [14]. The
probability density functions (PDFs) of the ordered γt and
γu [11] are given by
f(t) (γt) = ξtf (γt)F (γt)
t−1 (1− F (γt))V−t , (3)
and
f(u) (γu) = ξuf (γu)F (γu)
u−1
(1− F (γu))V−u , (4)
respectively, where f(t) (γt) and f(u) (γu) are the PDFs of
γt and γu, F (γt) and F (γt) are the cumulative distribution
functions (CDFs) of γt and γu, respectively, ξt =
1
B(t,V−t+1) ,
ξu =
1
B(u,V−u+1) , and B(a, b) is the Beta function.
As we are considering the transmission of short packets in
our two-user NOMA operation, the achievable rate is not only
the function of SNR (or SINR), but also the transmission error
probability (ǫ), and the blocklength (n). Hence, the achievable
rates of the users can expressed as [2]
ri = ln (1 + γi)−
√
δi
n
Q−1(εi), (5)
where ri is the achievable rate of user vi, i ∈ {t, u}, δi
is the channel dispersion which can be approximated by
Fig. 2. Two-user NOMA system model.
δi =
√
1− (1 + γi)−2, Q−1(.) is the inverse of Gaussian Q-
function, ǫi is the transmission error probability corresponding
to user vi.
III. EFFECTIVE CAPACITY OF DOWNLINK NOMA WITH
FINITE BLOCKLENGTH
In this section, we aim to derive the achievable effective
capacity the NOMA system with finite blocklength commu-
nications described above. To proceed, required concepts are
recalled.
Motivated by the theory of effective bandwidth, authors in
[15] introduced the effective capacity metric as the dual con-
cept of effective bandwidth. Effective capacity is the maximum
arrival (source) rate that the channel can support (service rate)
with certain delay requirements. Here, we assume that the
transmission technique from the BS to the NOMA users satisfy
the delay constraint. We also assume that, at the transmit
buffer, the probability of queue length exceeding a certain
threshold x, exponentially decays as a function of x [16], [17],
where θi is the delay QoS exponent and can be approximated
using
− lim
x→∞
ln (Pr {Qi(∞) > x})
x
= θi, (6)
where Qi(∞) is the steady-state of the transmit buffer corre-
sponding to the data of user vi, i ∈ {t, u}, and Pr{a>b} is
the probability that a>b holds.
Using (6), the queuing delay violation probability can be
approximated as
Pr {Di > Dmaxi } ≈ Pr {Qi(∞) > 0} e−θiµiD
max
i , (7)
where, w.r.t. vi, Pr {Qi(∞) > 0} is the probability of non-
empty buffer, Dmaxi is the maximum delay, and µi is the max-
imum arrival rate [15]. The more stringent delay requirements
can be represented with larger values for θi, while smaller
values of θi indicate less stringent delay requirements.
By taking into account the QoS exponent θi, the maximum
arrival rate, i.e., the achievable effective capacity of user vi,
in b/s/Hz, can be formulated as
Cie = −
1
θin
ln
(
E
[
ǫ+ (1− ǫ) e−θinri]) , (8)
where E[.] is the expectation operator. As we are using finite
blocklength, the service rate with finite blocklength for vi user,
i.e., ri in the above expression, can be replaced with (5).
The effective capacity for the weak user and the strong user
of the NOMA system, in b/s/Hz, can now be approximated as
Cie = −
1
θin
ln
(
E
[
ǫ + (1− ǫ) [1 + γi]2ζi eβiδi
])
, (9)
where ζi = − θin2ln2 , βi = θ
√
nQ−1(εi), δi =√
1− (1 + γi)−2, and i ∈ {t, u}.
Using (1) and (2), the effective capacity of the weak user
and the strong user of NOMA with finite blocklength regime
can finally be found, in the unit of b/s/Hz, as
Cte = −
1
θtn
ln
(
E
[
ǫ+ (1− ǫ)
(
1 +
αt |ht|2
αu |ht|2 + 1ρ
)2ζt
eβtδt
])
,
(10)
and
Cue = −
1
θun
ln
(
E
[
ǫ+ (1− ǫ)
(
1 + αuρ |hu|2
)2ζu
eβuδu
])
,
(11)
Cte ≈ −
1
θtn
ln
[
ǫ+ (1− ǫ)
{(
α−2ζtu ξt
ρ
(
t−1∑
r=0
(
t− 1
r
)
(−1)r 1
ηtαu
+
θtn(αu − 1)
αuln2
t−1∑
r=0
(
t− 1
r
)
(−1)reηtEi(−ηt)
+
∞∑
s=2
(
2ζt
s
)(
αu − 1
αu
)s t−1∑
r=0
(
t− 1
r
)
(−1)r


∑s−1
r=1
(r−1)!
α
−r
u
(−αuηt)s−r−1
(s− 1)! −
(−αuηt)s−1
(s− 1)! e
ηtEi(−ηt)





 (Kt + 1)
−
((
α
−(2ζt−2)
u ξt
ρ
(
t−1∑
r=0
(
t− 1
r
)
(−1)r 1
ηtαu
+
θtn(αu − 1)
αuln2
t−1∑
r=0
(
t− 1
r
)
(−1)reηtEi(−ηt) +
∞∑
s=2
(
2ζt − 2
s
)(
αu − 1
αu
)s
×
t−1∑
r=0
(
t− 1
r
)
(−1)r


∑s−1
r=1
(r−1)!
α
−r
u
(−αuηt)s−r−1
(s− 1)! −
(−αuηt)s−1
(s− 1)! e
ηtEi(−ηt)





(Kt − βt
2
)



 .
(12)
Cue ≈ −
1
θun
ln
(
ǫ+ (1− ǫ)
(
ξu
ραu
u−1∑
i=0
(
u− 1
i
)
(−1)i
{
H(1, 2 + 2ζu, ηu)(Ku + 1)− H(1, 2ζu, ηu)
(
Ku − βu
2
)}))
.
(13)
respectively.
To further simplify and to obtain the closed-form expres-
sions for the above derived individual effective capacity of the
two users, we use the Maclaurin series [18] for the expression
eβuδu . This expression is simplified by the approximation
according to eβiδi ≈ 1 + βiδi + (βiδi)
2
2 . Also, the term
δi =
√
1− (1 + γi)−2 is further simplified by using the
Laurent’s expansion [19], such that δi ≈ 1 − 12 (1 + γi)−2.
These simplifications pave the way for finding closed-form
expressions for the individual EC each NOMA user. We note
that these simplifications introduce some mismatch in verify-
ing the close-form and Monte-carlo simulations, as detailed
later in Section IV.
Making use of the PDFs shown in (3) and (4), the closed-
form expressions for the effective capacity of the weak and
strong users in finite blocklength regime are obtained, as
shown in (12) and (13), where ηu =
V−u+1+i
ραu
, ηt =
V−t+1+r
ραu
,
Kt =
β2
t
2 +βt, Ku =
β2
u
2 +βu, Ei(.) is the exponential integral
given by Ei(x) = −
∫∞
−x
e−t
t
dt [20], and H(a, b, z) is the
confluent Hypergeometric function of the second kind [20],
i.e.,
H(a, b, z) =
1
Γ (a)
∫ ∞
0
e−zyya−1 (1 + y)
b−a−1
dy
for Re (a), Re (z) > 0,
(14)
in which Γ (a) denotes the Gamma function.
IV. NUMERICAL RESULTS
In this section, we provide simulation results of the pro-
posed two-user NOMA in finite blocklength regime. The total
number of users is taken as V = 10. We have set u = 8, and
t = 2 as the indices of the strong and weak users, respectively,
let αu = 0.2 and αt = 0.8 be the respective power coefficients
in the resource allocation at the BS.
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Fig. 3. Effective capacity of NOMA weak user and strong user versus transmit
SNR, with θ = 0.01, n = 300, and ǫ = 10−5.
Fig. 3 shows the curves for the achievable effective capacity
of the paired strong and weak users, in b/s/Hz, versus the trans-
mit SNR, ρ in dB. The delay exponent is set as θ = 0.01, the
blocklength n = 300, and the transmission error probability is
ǫ = 10−5. This figure also shows the comparison of the closed-
form expressions with Monte-Carlo simulations, and confirms
the accuracy of the proposed closed-form expressions. The
small mismatch between the analytical results and the Monte-
carlo simulations corresponding to the weak user is due to
the usage of the approximations for deriving the closed form
expressions. The Maclaurin series and the Laurent expansion
are used for the approximation of two factors, namely, eβiδi
and δi, as detailed in Section III.
Fig. 4 shows the plots of achievable effective capacity of
the two users versus the delay exponent, with blocklength n =
400, ǫ = 10−6, and ρ = [15dB, 20dB]. These curves show
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Fig. 4. Effective capacity of NOMA weak user versus delay exponent θ, with
n = 400 and ǫ = 10−6.
that the achievable effective capacity of both users decreases
when the delay exponent becomes stringent. Interestingly, it
is clear that when ρ changes from 15dB to 20dB, the gain in
the effective capacity of the strong user as compared to the
one of the weak user is more significant. Specifically, when
the delay exponent becomes stringent, the ǫ factor from the
effective capacity formulation becomes more dominant, which
renders the achievable capacity reach a minimum value.
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Fig. 5. Queuing delay violation probability of the strong user versus QoS
exponent constraint (θ), with Dmax
u
= 400, ǫ = 10−6, and n = 400.
Fig. 5 and Fig. 6 show the plots of the queuing delay
violation probability versus the delay exponent, for various
values of ρ, namely, ρ = [15dB, 20dB, 25dB], while con-
sidering strong and weak users. For these simulation results,
Dmaxi = 400, ǫ = 10
−6, and n = 400. From the figure, it
is clear that when the delay exponent becomes stringent, the
queuing delay violation probability does not improve below
a certain value. As compared to the weak user, the strong
user shows much improvement in queueing delay violation
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Fig. 6. Queuing delay violation probability of the weak user versus QoS
exponent constraint (θ), with Dmax
t
= 400, ǫ = 10−6, and n = 400.
probability under QoS delay constraint. For both users, the
queueing delay violation probability does not improve below
a certain limit which is due to dominant factor of ǫ (short
packet communications).
V. CONCLUSION
In this paper, the performance analysis of a downlink
NOMA system in finite blocklength with effective capacity
framework was studied in detail. The latency performance of
the NOMA users with short packet communications was in-
vestigated by taking into account the queueing delay violation
probability and the transmission error probability. Closed-form
expressions for the achievable effective capacity of two paired
users were derived, and their accuracy was confirmed using
Monte-Carlo simulations. We also investigated the impact
of the transmit signal-to-noise ratio and delay exponent on
the achievable effective capacity and on the queueing delay
violation probability. We showed that when the delay exponent
becomes stringent, the queueing delay violation probability
does not improve below a certain limit due to the dominant
factor of the transmission error probability.
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